a

:   interfacial area (m^2^/m^3^)

c

:   concentration (mol/l)

$\bar{c}$

:   mean concentration within a droplet (mol/l)

$\overset{=}{c}$

:   mean concentration within a phase (mol/l)

D

:   diffusion coefficient (m^2^/s)

E~a~

:   activation energy (J/mol)

H

:   partition coefficient

ΔH~r~

:   enthalpy of the reaction (J/mol)

k

:   reaction rate constant in Eqs. (5) & (6) (l/mol s), mass transfer coefficient in Eq. (23) (m/s)

K

:   overall mass transfer coefficient (m/s)

n~i , 0~

:   initial amount of reagent (mol)

${\overset{˙}{q}}_{\textit{dos}}$

:   heat flow rate connected with dosing of reagents (W)

${\overset{˙}{q}}_{\textit{lid}}$

:   heat flow rate through the reactor cap (W)

${\overset{˙}{q}}_{\textit{mix}}$

:   heat flow rate of mixing different enthalpies of the reacted substances (W)

${\overset{˙}{q}}_{\textit{phase}}$

:   heat flow rate of phases which are changed during the reaction (W)

${\overset{˙}{q}}_{\textit{react}}$

:   reaction heat flow rate (W)

${\overset{˙}{q}}_{\textit{stirr}}$

:   heat flow rate of stirring of reagents (W)

${\overset{˙}{q}}_{\textit{true\ flow}}$

:   true heat flow (W)

r

:   reaction rate (mol/l s)

R

:   droplet radius (m)

R~g~

:   universal gas constant (J/mol K)

t

:   time (s)/(min)

T

:   temperature (K)

V

:   volume (l)

w

:   weighting factor
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aq

:   aqueous phase

cat

:   inactive state of catalyst

$\bar{\textit{cat}}$

:   active state of catalyst

CB

:   cocoa butter

epx

:   epoxide product

k

:   element of a droplet size distribution

org

:   organic phase

ref

:   reference value for re‐parameterization for Arrhenius equation
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ξ

:   dimensionless radial coordinate

INTRODUCTION {#jctb5292-sec-0004}
============

Food waste represents a particularly attractive source of complex molecular structures for intermediate and high‐value chemical products due to its low cost, close proximity to chemical and biotechnology industrial hubs, and societal pressure on its more complete utilisation. Better utilisation of food waste would contribute significantly to the vision of the circular economy advocated, among many, by the European Commission.[1](#jctb5292-bib-0001){ref-type="ref"} Within the range of molecules of interest based on bio‐feedstocks including food waste, triglycerides form one of the largest classes (by volume) presently used. Triglycerides are composed of three fatty acids joined at a glycerol juncture. They have been transformed into a variety of products, for example for transportation fuels, food, cosmetics, detergents, lubricants directly or indirectly.[2](#jctb5292-bib-0002){ref-type="ref"} The various conversion routes of triglycerides are shown in Scheme [1](#jctb5292-fig-0001){ref-type="fig"}.

![Triglycerides conversion routes.](JCTB-92-2254-g001){#jctb5292-fig-0001}

Conversion of triglycerides into biodiesel (fatty esters) is one of the most useful ways of utilising their intrinsic calorific value.[3](#jctb5292-bib-0003){ref-type="ref"} These fatty esters are also used for the production of terminal olefins and epoxides via metathesis/ethenolysis and epoxidation, respectively, which are then further used as intermediates in chemical reactions or as new polymer precursors.[4](#jctb5292-bib-0004){ref-type="ref"}, [5](#jctb5292-bib-0005){ref-type="ref"} Hydrolysis of triglycerides produces fatty acids, in addition to glycerol, which are major components and precursors for products such as soaps, detergents, fatty alcohols, cosmetics, pharmaceuticals, and food. Triglycerides have also been extensively utilised to produce polymeric materials.

The first approach for the preparation of polymers from triglycerides is the direct polymerisation of the double bonds or other reactive functional groups present in the fatty acid chain.[6](#jctb5292-bib-0006){ref-type="ref"} However, this is difficult due to the lack of active functional groups. Hence, triglycerides can be functionalised or chemically transformed into other products, which in turn can be used as monomers for polymerisation or chemical intermediates.[6](#jctb5292-bib-0006){ref-type="ref"}, [7](#jctb5292-bib-0007){ref-type="ref"}

Deoxygenation and hydrocracking of vegetable oils or triglycerides for the production of long chain hydrocarbons has been studied extensively.[8](#jctb5292-bib-0008){ref-type="ref"}, [9](#jctb5292-bib-0009){ref-type="ref"}, [10](#jctb5292-bib-0010){ref-type="ref"}, [11](#jctb5292-bib-0011){ref-type="ref"} Selective conversion of triglycerides to olefins is also considered as a potential substitute to petroleum‐based feedstocks as starting materials for speciality chemicals[12](#jctb5292-bib-0012){ref-type="ref"} in the strategy we would call 'CO~2~ avoidance'. Metathesis/ethenolysis of vegetable oils or triglyceride has been reported for the production of olefins which would be useful in the synthesis of polymers as well as intermediates for other products.[13](#jctb5292-bib-0013){ref-type="ref"}, [14](#jctb5292-bib-0014){ref-type="ref"}, [15](#jctb5292-bib-0015){ref-type="ref"}

Epoxidation is another important reaction leading to reactive intermediates for production of polymers, emulsifiers and lubricants.[16](#jctb5292-bib-0016){ref-type="ref"}, [17](#jctb5292-bib-0017){ref-type="ref"}, [18](#jctb5292-bib-0018){ref-type="ref"} Batch syntheses of fatty epoxides are well studied from free fatty acids and fatty esters, and some are exploited commercially. Epoxidation of triglycerides, on the other hand, is less studied[19](#jctb5292-bib-0019){ref-type="ref"}, [20](#jctb5292-bib-0020){ref-type="ref"}, [21](#jctb5292-bib-0021){ref-type="ref"}, [22](#jctb5292-bib-0022){ref-type="ref"}, [23](#jctb5292-bib-0023){ref-type="ref"}, [24](#jctb5292-bib-0024){ref-type="ref"}, [25](#jctb5292-bib-0025){ref-type="ref"} since this reaction is: (a) technically more challenging; and (b) the product scope is not well explored. However, direct epoxidation of triglycerides, if technically feasible, may be a useful pathway for the production of novel functional materials, avoiding the need for transesterification and, hence, using more of the carbon atoms of the original feedstock in the products.

Epoxidation of soybean oils was investigated in a series of papers.[26](#jctb5292-bib-0026){ref-type="ref"}, [27](#jctb5292-bib-0027){ref-type="ref"} Conventional batch epoxidation with hydrogen peroxide in the presence of acetic or formic acid and mineral acid was reported with a yield of up to 75% at temperatures between 60--80°C with a typical batch time of 5 h. A decrease in reaction time and slight improvement of the overall energy efficiency was possible if the reaction temperature was increased and the reaction was performed in a microreactor with efficient heat transfer. However, at temperatures above 150°C decomposition of hydrogen peroxide dominates and the reaction yield is significantly reduced compared with the batch, lower‐temperature, process. A more recent study reported a lower temperature epoxidation of sunflower oil in an unstable two‐phase flow regime using surfactant‐less biphasic H~2~O~2~ epoxidation catalysed by a W‐based system.[28](#jctb5292-bib-0028){ref-type="ref"} The reaction system was not optimised for high per‐pass conversion, but the ease of phase separation after the reaction allowed simple re‐circulation to reach higher conversion in a loop‐reactor mode.

Epoxidation of longer‐chain olefins suffers from severe mass transfer limitations due to high viscosity, and represents significant safety hazard if run as a large‐scale batch process. Continuous flow processing may have considerable advantages in the production of epoxides compared with batch conditions if the benefits of enhanced mass and heat transfer, typically reported for flow processes,[29](#jctb5292-bib-0029){ref-type="ref"} could be exploited in the case of a high‐viscosity reaction medium.

There are an increasing number of literature examples of epoxidations of longer olefins being carried out under flow conditions. Epoxidations of 1,5‐cyclooctadiene, 1,2‐dihydronaphthalene, ethyl *trans*‐3‐hexenoate, dodec‐1‐ene, duroquinone, *trans*‐stilbene, *cis*‐stilbene, ethyl trans‐cinnamate, methyl *trans*‐2‐methyl‐2‐pentenoate using homogeneous stoichiometric reactant HOF·MeCN was performed with high yield under continuous flow.[30](#jctb5292-bib-0030){ref-type="ref"} Epoxidations of cyclohexene, trans‐3‐heptene, cis‐3‐heptene, 3‐methyl‐2‐pentene, bicyclo\[2.2.1\]hept‐2‐ene, 1‐hexene, methyl 2‐cyclohexenylcarboxylate, trans‐2‐hexenyl acetate, 2‐cyclohexenylacetate, trans‐2‐hexenyl acetate, 5‐hexenyl acetate were performed using 2‐percarboxyethyl‐functionalised silica in supercritical carbon dioxide at a pressure of 250 bar and temperature 40°C in flow, reporting products yields of \> 99%.[31](#jctb5292-bib-0031){ref-type="ref"} Side reactions to acid catalysed ring opening or other side products were suppressed due to using an anhydrous supported peracid. Epoxidation of cyclohexene with the *in situ* generated *m*‐chloroperbenzoic acid was recently reported with up to 95% yield of the oxide under optimised conditions.[32](#jctb5292-bib-0032){ref-type="ref"} Epoxidation of styrene with the same reagent in the presence of excess methylmorpholine‐N‐oxide in a microfluidic reactor coated with a polymer‐immobilised Mn (III)‐salen catalyst was reported with a 190‐fold increase in the space time yield compared with a batch recipe.[33](#jctb5292-bib-0033){ref-type="ref"} The improvement was attributed to a better contact between reactants and the catalyst. Epoxidation of cyclooctene using a sacrificial aldehyde reactant in the Mukaiyama epoxidation was performed in a segmented continuous flow microreactor, reporting 100% selectivity to the epoxide at a short residence time of 2 min.[34](#jctb5292-bib-0034){ref-type="ref"} However, there are only two examples of epoxidation of triglycerides under flow conditions, the epoxidation of soybean oil[26](#jctb5292-bib-0026){ref-type="ref"}, [27](#jctb5292-bib-0027){ref-type="ref"} and of sunflower oil.[28](#jctb5292-bib-0028){ref-type="ref"}

Here we report investigation of epoxidation and further synthesis of polymers starting from cocoa butter, which is a post‐manufacture waste product from the food industry. Recently, we reported metathesis of cocoa butter triglyceride in batch and flow conditions to produce 1‐decene.[35](#jctb5292-bib-0035){ref-type="ref"} In the present paper, we first report epoxidation of cocoa butter with hydrogen peroxide catalysed by an Ishii‐Venturello catalyst,[36](#jctb5292-bib-0036){ref-type="ref"} to give its epoxide in batch and flow conditions. Literature reports epoxidation performed as a phase transfer catalytic reaction with quaternary ammonium or phosphonium salts as phase transfer reagents.[36](#jctb5292-bib-0036){ref-type="ref"}, [37](#jctb5292-bib-0037){ref-type="ref"} Earlier papers also report similar epoxidations performed in chlorinated solvents.[36](#jctb5292-bib-0036){ref-type="ref"}, [37](#jctb5292-bib-0037){ref-type="ref"}, [38](#jctb5292-bib-0038){ref-type="ref"}, [39](#jctb5292-bib-0039){ref-type="ref"}, [40](#jctb5292-bib-0040){ref-type="ref"}, [41](#jctb5292-bib-0041){ref-type="ref"} However, the reaction can be performed solventless as long as it is properly emulsified.[20](#jctb5292-bib-0020){ref-type="ref"}, [42](#jctb5292-bib-0042){ref-type="ref"} Significant drawbacks of these reactions are the decomposition of hydrogen peroxide and the acid‐catalysed side reactions to ring opening of epoxides, reducing the product yield. A modified Ishii‐Venturello catalyst was reported earlier[43](#jctb5292-bib-0043){ref-type="ref"}, [44](#jctb5292-bib-0044){ref-type="ref"}, [45](#jctb5292-bib-0045){ref-type="ref"} with tungsten powder being used to obtain the active form of the catalyst *in situ*. The modified catalytic system is characterised by high selectivity and conversion towards the epoxidation reactions. Here, a detailed kinetic model was developed to describe the reaction and phase transfer; the kinetic parameters were evaluated. Conversion of epoxides to the corresponding polyols is reported. Polyols of varying molecular weight and hydroxyl value were prepared from the epoxidised cocoa butter. Finally, polymerisation of these polyols, used as monomers, to prepare polyurethanes as well as thermal and tensile properties of polyurethanes are described. The present work describes the complete process of conversion of waste cocoa butter into useful polymeric materials which is otherwise destined for landfill, Scheme [2](#jctb5292-fig-0002){ref-type="fig"}.

![Reaction scheme studied in the present work. (**1**) Cocoa butter, (**2**) the epoxidised cocoa butter, (**3**) ring‐opened cocoa butter from the reaction with aqueous H~3~PO~4~ at 100°C, (**4**) ring‐opened cocoa butter from reaction with BF~3~Et~2~O in hexane at 20°C, (**5**) ring‐opened cocoa butter from the reaction with BF~3~·Et~2~O in THF at 20°C.](JCTB-92-2254-g007){#jctb5292-fig-0002}

EXPERIMENTAL {#jctb5292-sec-0005}
============

Materials {#jctb5292-sec-0006}
---------

Cocoa butter raw material was obtained from Whitland Ltd. It is a by‐product of chocolate manufacturing process, which cannot be re‐used for foods manufacture. Tungsten powder (12 µm, 99.9%), Adogen 464 and deuterated chloroform were purchased from Aldrich. Ortho‐phosphoric acid (85% wt. in H~2~O), sodium chloride, chloroform, hydrogen peroxide (30% wt. in H~2~O) were purchased from Fisher Chemicals. Anhydrous magnesium sulphate was received from Acros Organics. Reagents were used without further purification. Diethyl ether, hexane, boron trifluoride diethyl etherate (BF~3~·Et~2~O), sodium bicarbonate, tetrahydrofuran (THF), methylene diphenyl diisocyanate (MDI) were purchased from Sigma‐Aldrich.

Batch epoxidation {#jctb5292-sec-0007}
-----------------

In a typical experiment, tungsten powder (0.081 g, 0.44 mmol), hydrogen peroxide (1.2 mL) and deionised water (0.6 mL) were introduced into a 20 mL round‐bottom flask with a stirrer bar. The mixture was heated to 50°C and stirred to dissolve the tungsten powder for about 45 min. Cocoa butter (15 g, 17.3 mmol) and Adogen 464 (0.105 g, 0.26 mmol) were placed into a 250 mL round‐bottom‐flask, melted and stirred at a set reaction temperature: 50, 60 or 80°C. The mixture containing the dissolved tungsten catalyst was cooled, then ortho‐phosphoric acid (85 wt%, 0.081 g, 0.703 mmol) in 2 mL of deionised water was added under continuous stirring. The solution of the catalyst, hydrogen peroxide (2.88 mL) and deionised water (22.9 mL) were added to the molten cocoa butter. The mixture was stirred and maintained at the desired reaction temperature.

Four different catalyst compositions were used, see Table [1](#jctb5292-tbl-0001){ref-type="table-wrap"}. On the completion of reaction, the resulting emulsion was cooled and saturated sodium chloride (25 mL) and chloroform (25 mL) were added. The organic phase was separated and washed with saturated sodium chloride again (25 mL). The organic layer was dried over anhydrous magnesium sulphate and after filtration the solvent was removed using rotary evaporator.

###### 

Molar equivalents of the catalyst components used in the epoxidation of cocoa butter

  Reaction number   W      H~2~O~2~   H~3~PO~4~   H~2~O
  ----------------- ------ ---------- ----------- -------
  1                 0.63   57         1           2267
  2                 0.63   39         1           2190
  3                 0.63   25         1           2129
  4                 0.54   45         1           2177

Continuous flow epoxidation {#jctb5292-sec-0008}
---------------------------

Epoxidation of cocoa butter was performed using a Vapourtec R Series reaction system. The Vapourtec module was configured as shown in Figure [1](#jctb5292-fig-0003){ref-type="fig"}. In the flow experiments viscosity of cocoa butter was reduced by adding 10 mL of toluene to the feed flask, containing cocoa butter (0.081 g, 17.3 mmol) and Adogen 464 surfactant (0.105 g, 0.26 mmol). This mixture was maintained at 80°C. Catalyst composition corresponds to the reaction 1 in Table [1](#jctb5292-tbl-0001){ref-type="table-wrap"}, with the following molar ratios of all reactants with respect to the average amount of double bonds in cocoa butter (1.15 mol of double bonds per 1 mol of cocoa butter): cocoa butter/W/H~2~O~2~ / H~2~O / H~3~PO~4~ = 1 / 0.025 / 7.86 / 81.91 / 0.040. Reaction was performed in a 10 mL tubular reaction module (PTFE, 1 mm ID and 12.7 m length) at 80°C.

![Schematic diagram of the reactor configuration for epoxidation of cocoa butter under flow conditions.](JCTB-92-2254-g002){#jctb5292-fig-0003}

Reaction calorimetry {#jctb5292-sec-0009}
--------------------

The determination of the enthalpy of epoxidation of cocoa butter was carried out in the isothermal mode using a reaction calorimeter (Chemisens, CPA‐202). The reaction calorimeter was first loaded with cocoa butter (15.0 g, 17.3 mmol) and Adogen 464 (0.105 g, 0.26 mmol). The mixture was heated to 80°C and stirred at 500 rpm until the true heat flow showed stable baseline. Then the solution of catalyst was kept at 24.7°C and prepared according to the standard procedure for epoxidation and was injected into the reactor.

The energy balance for reaction calorimetry by CPA 202 reactor can be written as follows:$${\overset{˙}{q}}_{\textit{true\ flow}} + {\overset{˙}{q}}_{\textit{lid}} = {\overset{˙}{q}}_{\textit{react}} + {\overset{˙}{q}}_{\textit{mix}} + {\overset{˙}{q}}_{\textit{phase}} + {\overset{˙}{q}}_{\textit{dos}} + {\overset{˙}{q}}_{\textit{stirr}}$$

Where the terms correspond to heat flow through lid, due to reaction, mixing, phase change, dosing and stirring.

The enthalpy of the reaction was calculated as shown in Equation [(2)](#jctb5292-disp-0002){ref-type="disp-formula"}:[46](#jctb5292-bib-0046){ref-type="ref"}, [47](#jctb5292-bib-0047){ref-type="ref"} $$\Delta H_{r} = \frac{\int\limits_{0}^{\infty}{\overset{˙}{q}}_{\textit{true\ flow}}\textit{dt}}{n_{i,0}}$$

Kinetic model development {#jctb5292-sec-0010}
-------------------------

The kinetic model was developed for the batch epoxidation. This is a liquid--liquid two‐phase reaction. The organic phase is pure molten cocoa butter, and the aqueous phase is aqueous hydrogen peroxide solution with the catalyst. According to ref 41 a precursor with the structure \[PW~12~O~40~\]^3−^ forms in situ from tungsten powder, hydrogen peroxide and ortho‐phosphoric acid in an aqueous solution. The active polyperoxotungstate species {PO~4~\[WO(O~2~)~2~\]~4~}^3−^ is formed by subsequent oxidation with hydrogen peroxide. This anionic active species binds to the cationic phase transfer agent (PTA), typically a quaternary ammonium salt, and is transferred into the organic phase where it catalyses the epoxidation of a double bond. The inactive catalyst transfers back into the aqueous phase, where it is reactivated by oxidation with hydrogen peroxide and the cycle starts again. While this seems like a clear linear process, this mechanism is not fully understood. The exact catalytic species and how many different tungsten species are formed is not known. It is also not understood, whether the phase transfer agent permanently binds to the tungstic catalyst to form a PTA--catalyst complex or only reversibly attaches for the phase transfer step. In this work it is assumed that the PTA and the tungsten catalyst bond permanently to form a single PTA--catalyst species and, therefore, polyperoxotungstate catalyst and the PTA are not modelled as separate components, but assumed to form a single PTA--catalyst whose overall amount is constant during the experiment and can change between an active and passive state in each phase.

Both reactions, the epoxidation and catalyst activation, are assumed to occur only within the well‐mixed parts of both the phases. Between each of the reaction steps a phase transfer has to take place. Hence, reaction kinetics and mass transfer are directly coupled within the reaction mechanism. It is further assumed that the organic and the aqueous phases are completely immiscible and the active and passive catalyst species are the only components which transfer between the phases. The interfacial area has no direct effect on the rate. The stoichiometry of both the reactions is given in Equations (3) and (4):

Aqueous phase: $\left. \textit{cat} + H_{2}O_{2}\rightarrow\bar{\textit{cat}} + H_{2}O \right.$ (3)

Organic phase: $\left. \textit{CB} + \bar{\textit{cat}}\rightarrow\textit{epx} + \textit{cat} \right.$ (4)

The kinetic rate equations were written following the re‐parameterisation of the Arrhenius equation as shown below so as to improve the identifiability of the parameters. The experiments were assumed to occur under isothermal conditions (the assumption was validated with the heat of reaction measurements and, therefore, isothermal reference rate constants were used; see Supporting information).

Aqueous phase: $r_{\textit{aq}} = k_{\textit{ref},\textit{aq}}\textit{exp}\left( {\frac{E_{a,\textit{aq}}}{R_{g}}\left\lbrack {\frac{1}{T_{\textit{aq}}} - \frac{1}{T_{\textit{ref}}}} \right\rbrack} \right)c_{\textit{cat},\textit{aq}}c_{H2O2}$ (5)

Organic phase: $r_{\textit{org}} = k_{\mathit{ref},\mathit{org}}\textit{exp}\left( {\frac{E_{a,\textit{org}}}{R_{g}}\left\lbrack {\frac{1}{T_{\textit{org}}} - \frac{1}{T_{\textit{ref}}}} \right\rbrack} \right)c_{\bar{\textit{cat}},\textit{org}}c_{\textit{CB}}$ (6)

The kinetic rates were combined with the mass transfer steps to derive a complete model for the epoxidation. Two different modelling approaches were used: (1) an integral model, which assumes two ideally mixed phases and an overall mass transfer coefficient, Figure [2](#jctb5292-fig-0004){ref-type="fig"}(A); and (2) a semi‐differential model, which potentially yields more realistic results, but leads to significant numerical complexity due to the increased number of parameters and the need to fit an integral of the droplet concentration to the measurement data, Figure [2](#jctb5292-fig-0004){ref-type="fig"}(B).

![Schematic representation of an integral model (A. left) and a differential model (B. right).](JCTB-92-2254-g005){#jctb5292-fig-0004}

### *Integral model* {#jctb5292-sec-0011}

The integral model assumes perfectly mixed phases with uniform concentrations and temperatures within each phase. Interfacial mass transport occurs across an interfacial area and is approximated by an overall mass transport coefficient. The volume of each phase is known from the experimental data and can be assumed constant, since the molar volume of cocoa butter does not change significantly with epoxidation and the aqueous phase is mostly water and will not undergo significant volume changes. Therefore, component mass balances were formulated in terms of concentrations. Since it has been assumed that cocoa butter and the product epoxide do not diffuse into the aqueous phase, their mass balances are solely dependent on the reaction rates. To reduce the complexity of the model, the same mass transfer coefficient is used for both catalyst species.

Organic phase:$$\frac{\textit{dc}_{\bar{\textit{cat}},\textit{org}}}{\textit{dt}} = \textit{Ka}\left( {c_{\bar{\textit{cat}},\textit{org}} - H_{\bar{\textit{cat}}}c_{\bar{\textit{cat}},\textit{aq}}} \right) - r_{\textit{org}}$$ $$\frac{\textit{dc}_{\textit{cat},\textit{org}}}{\textit{dt}} = \textit{Ka}\left( {c_{\textit{cat},\textit{org}} - H_{\textit{cat}}c_{\textit{cat},\textit{aq}}} \right) - r_{\textit{org}}$$ $$\frac{\textit{dc}_{\textit{CB}}}{\textit{dt}} = - r_{\textit{org}}$$ $$\frac{{dc}_{epx}}{dt} = \text{r}_{\textit{org}}$$

The mass balances for the aqueous phase are formulated in the same way. However, the phase volume ratio is needed to correct the interfacial flux and the opposite sign is needed. Water and hydrogen peroxide are assumed to remain completely within the aqueous phase.

Aqueous phase:$$\frac{\textit{dc}_{\bar{\textit{cat}},\textit{aq}}}{\textit{dt}} = \textit{Ka}\frac{V_{\textit{org}}}{V_{\textit{aq}}}\left( {H_{\bar{\textit{cat}}}c_{\bar{\textit{cat}},\textit{aq}} - c_{\bar{\textit{cat}},\textit{org}}} \right) + r_{\textit{aq}}$$ $$\frac{\textit{dc}_{\textit{cat},\mathit{aq}}}{\mathit{dt}} = \mathit{Ka}\frac{V_{\textit{org}}}{V_{\mathit{aq}}}\left( {H_{\textit{cat}}c_{\textit{cat},\mathit{aq}} - c_{\mathit{cat},\mathit{org}}} \right) - r_{\mathit{aq}}$$ $$\frac{\mathit{dc}_{H2O2}}{\mathit{dt}} = - r_{\mathit{aq}}$$ $$\frac{\mathit{dc}_{H2O}}{\mathit{dt}} = r_{\mathit{aq}}$$

Equations [(7)](#jctb5292-disp-0003){ref-type="disp-formula"}--[(14)](#jctb5292-disp-0010){ref-type="disp-formula"} compose the integral model, which was implemented in gPROMS model builder, and used for parameter estimation. The reliability of the parameter estimation was checked by two statistical tests, t‐test and χ^2^ test, and the confidence ellipsoid. The t‐test established the statistical significance of each parameter. The χ^2^ test related to the goodness of the model fit is satisfied when the weighted residual value is less than the χ^2^ value. The confidence ellipsoid takes into account the correlation between the estimates of a kinetic constant at a reference temperature and the activation energy for each reaction as well as the mass transfer correlation parameters.

### *Differential model* {#jctb5292-sec-0012}

The integral model, although widely used in literature, does not reflect the real physical situation. A logical step towards a more realistic representation of the physical situation is the assumption of spherical droplets where the only mass transport inside the droplet is radial diffusion. The differential model can be applied to many droplets with different droplets sizes, implying a droplet size distribution.

For the differential model, the equations for the organic phase are replaced with one‐dimensional partial differential equations for radial diffusion inside a sphere. There are no mass transport terms in the component mass balances because the interfacial mass transport will be accounted for by the boundary conditions. For the aqueous phase the equations stay nearly the same. Only the overall mass transfer coefficient is replaced by the aqueous side mass transfer coefficient. The differential equations were written as dimensionless, ranging from 0 to 1, and allowing the droplet radius to be multiplied as an additional variable. With this formulation different droplet radii can be implemented in the model, enabling the simulation of a droplet size distribution. A possible distribution can be formulated as a vector *'R'* containing different radii, which are weighted by additional weight constants *'w'*.$$R = \left\lbrack {R_{1},R_{2},\ldots,R_{k},{\ldots R_{m}}} \right\rbrack$$ $$w = \left\lbrack {w_{1},w_{2},\ldots,w_{k},{\ldots w_{m}}} \right\rbrack$$ $$\sum\limits_{k = 1}^{m}w_{k} = 1$$

For a given droplet radius, the mass balances for the organic phase can be written as partial differential equation in spherical coordinates, with integration limits for *ξ* from 0 to 1. It should be noted that the rate equation, as a function of concentration, is now also dependent on the droplet radii:$$\frac{\partial c_{\bar{\mathit{cat}},\mathit{org}}}{\partial t} = \frac{1}{R_{k}^{2}}\frac{D_{\bar{\mathit{cat}}}}{\xi^{2}}\frac{\partial}{\partial\xi}\left\lbrack {\xi^{2}\frac{\partial c_{\bar{\mathit{cat}},\mathit{org}}}{\partial\xi}} \right\rbrack - r_{\mathit{org}}\left( \xi \right)$$ $$\frac{\partial c_{\mathit{cat},\mathit{org}}}{\partial t} = \frac{1}{R_{k}^{2}}\frac{D_{\mathit{cat}}}{\xi^{2}}\frac{\partial}{\partial\xi}\left\lbrack {\xi^{2}\frac{\partial c_{\mathit{cat},\mathit{org}}}{\partial\xi}} \right\rbrack + r_{\mathit{org}}\left( \xi \right)$$ $$\frac{\partial c_{\mathit{CB}}}{\partial t} = \frac{1}{R_{k}^{2}}\frac{D_{\mathit{CB}}}{\xi^{2}}\frac{\partial}{\partial\xi}\left\lbrack {\xi^{2}\frac{\partial c_{\mathit{CB}}}{\partial\xi}} \right\rbrack - r_{\mathit{org}}\left( \xi \right)$$ $$\frac{\partial c_{\mathit{epx}}}{\partial t} = \frac{1}{R_{k}^{2}}\frac{D_{\mathit{epx}}}{\xi^{2}}\frac{\partial}{\partial\xi}\left\lbrack {\xi^{2}\frac{\partial c_{\mathit{epx}}}{\partial\xi}} \right\rbrack + r_{\mathit{org}}\left( \xi \right)$$

Additional to initial conditions, which have to be defined from *ξ*=0 to *ξ*=1, boundary conditions for the spatial gradients are needed. At the centre of the droplet all gradients equal zero:$$\left. \frac{\partial c}{\partial\xi} \right|_{\xi = 0} = 0$$

The boundary condition at the droplet surface for *ξ*=1 was derived from a surface balance and takes the following form for $\bar{\mathit{cat}}$ and *cat*:$$\left. \frac{\partial c_{i,\textit{org}}}{\partial\xi} \right|_{\xi = 1} = \frac{Rk_{\mathit{aq}}}{D_{i}}\left( {H_{i}c_{i,\mathit{aq}} - c_{i,\mathit{org}}\left( 1 \right)} \right)$$

The aqueous side mass transfer resistance *k* ~*aq*~ replaces the overall mass transfer coefficient *K*, because the mass transfer resistance in the organic phase is now described by the diffusion coefficient in Equations [(18)](#jctb5292-disp-0014){ref-type="disp-formula"}--[(21)](#jctb5292-disp-0017){ref-type="disp-formula"}.

If the model is fitted to experimental data, the available measurements will correlate with the average concentration within either phase. Thus, for the organic phase the mean of all average concentrations of all different droplet sizes has to be calculated. Within a single droplet the average concentration can be calculated by integration over the radius:$${\bar{c}}_{i,\textit{org}}\left( R_{k} \right) = 3\int_{0}^{1}c_{i,\textit{org}}\left( \xi \right)\xi^{2}{\mathit{d}\xi},i \in \left\{ {\bar{\textit{cat}},\textit{cat},\textit{CB},\textit{epx}} \right\}$$

Consequently, the arithmetic mean of all integrated values yields the overall mean concentration of a species in the organic phase:$${\overset{=}{c}}_{i,\mathit{org}} = \sum_{i = 1}^{m}w_{k}{\bar{c}}_{i,\mathit{org}}\left( R_{k} \right)$$

The model was implemented in gPROMS and was used for simulation, however, no parameter estimation could be performed with the differential model: only one radius was taken and monodispersed droplets were assumed.

Ring opening of the epoxidised cocoa butter {#jctb5292-sec-0013}
-------------------------------------------

Ring opening was carried out by three approaches to furnish polyols with different molecular weights and hydroxyl numbers.

### *Ring opening using H~3~PO~4~* {#jctb5292-sec-0014}

The epoxidised cocoa butter (5 g, 5.7 mmol, 1.0 equiv.) and water (5.7 mL, 1 mol L^−1^) were heated to 100°C. Adogen 464 (0.012 g, 2.5% wt.) was added followed by H~3~PO~4~ (0.56 g, 5.7 mmol, 1.0 equiv). The reaction mixture was heated at 100°C for 24 h. The reaction was extracted with diethyl ether, washed with water (2 × 10 mL) followed by saturated NaCl (10 mL). The organic layer was dried over MgSO~4~ and the solvent removed *in vacuo* to give a pure product (97%, Polyol (**3**), Scheme [2](#jctb5292-fig-0002){ref-type="fig"}).

### *Ring opening using BF~3~.Et~2~O in hexane* {#jctb5292-sec-0015}

The epoxidised cocoa butter (50.0 g, 57 mmol) was weighed into a round bottom flask and hexane (80 mL) was added to it. The reaction mixture was stirred and heated at 20°C under N~2~ atmosphere for 30 mins before BF~3~·Et~2~O (0.8 g, 5.7 mmol) was added drop‐wise to the mixture. After the addition of BF~3~·Et~2~O was completed, the reaction temperature was maintained at 20°C for another 24 h. The reaction mixture was then poured into a separation funnel and washed with sodium bicarbonate solution (250 mL). The aqueous layer was separated from the organic layer and CHCl~3~ (500 mL) was added to the organic layer. The organic layer was dried over anhydrous MgSO~4~ and CHCl~3~ was removed *in vacuo* to give a yellowish liquid (49.3 g, Polyol (**4**), Scheme [2](#jctb5292-fig-0002){ref-type="fig"}).

### *Ring opening using BF~3~.Et~2~O in THF* {#jctb5292-sec-0016}

The epoxidised cocoa butter (50 g, 57 mmol) was weighed into a round bottom flask and dry THF (250 mL) was added. The reaction mixture was stirred and heated at 20°C under N~2~ atmosphere for 30 mins. Then BF~3~.Et~2~O (0.8 g, 5.7 mmol) was added drop‐wise to the mixture. After the addition of BF~3~.Et~2~O was complete, the reaction temperature was maintained at 20°C under a N~2~ atmosphere for another 24 h. Then, the reaction mixture was poured into a separation funnel and saturated NaCl solution (200 mL) and CHCl~3~ (300 mL) were added to the reaction mixture. The aqueous layer was separated from the organic layer and the organic layer was neutralized with saturated sodium bicarbonate solution (100 mL). The organic layer was again washed with NaCl solution (200 mL). The organic layer was dried over anhydrous MgSO~4~ followed by removal of solvent *in vacuo* to yield a clear viscous liquid (120 g, Polyol (**5**), Scheme [2](#jctb5292-fig-0002){ref-type="fig"}).

Polymerisation of polyols to polyurethanes (PU) {#jctb5292-sec-0017}
-----------------------------------------------

The monomers **3--5** of Scheme [2](#jctb5292-fig-0002){ref-type="fig"} (1.0 eq) were heated in a 50 mL round bottomed flask to 60°C under vacuum for 1 h to remove air and residual solvent. MDI (1.05 eq) was added and the vacuum was reapplied for 2 min at 60°C with simultaneous gentle stirring to prevent air entrapment in the polymer. The monomers were then cast into a mould and cured at 60°C in an oven overnight.

Characterisation {#jctb5292-sec-0018}
----------------

### *Cocoa butter* {#jctb5292-sec-0019}

Fatty acid composition was determined by gas chromatography. The GPC analysis of cocoa butter was performed using a PL‐GPC 50 integrated with PL‐BV 400RT refractive index detector and a rheometer. THF was used as the eluent at a flow rate of 1.0 mL min^−1^. The calibration curve for GPC analysis was obtained with poly(methyl methacrylate) (PMMA) standards.

### *Epoxidation* {#jctb5292-sec-0020}

TLC was carried out using Merck silica gel coated aluminium sheets as the stationary phase (Merck Kieselgel 60F~254~ 230--400 mesh). The TLC plate was visualised using a UV lamp (254 nm) and stained using potassium permanganate solution. ^1^H and ^13^C NMR were performed on a Bruker DPX‐400 spectrometer, at 400 MHz and 100 MHz, respectively. All chemical shifts were in parts per million (ppm) relative to the tetramethylsilane (TMS) internal standard (0.03 % v/v, 0.00 ppm). Coupling constants (*J*) were expressed in Hertz (Hz). ^1^H NMRs were obtained at room temperature and using deuterated chloroform as solvent. The progress of epoxidation of cocoa butter was monitored by disappearance of double bond (δ = 5.30--5.39 ppm) and appearance of oxirane bond (δ = 2.85--2.96 ppm). Glycerol bond signal at 4.25--4.34 ppm was used as an internal standard, according to methodology described elsewhere.[48](#jctb5292-bib-0048){ref-type="ref"} Infrared spectra were recorded on a Bruker ALPHA platinum ATR Fourier transform spectrometer. Absorptions were recorded in wavenumbers (cm^−1^). Mass spectrometry was achieved using an Agilent 6130B single Quad (ESI).

### *Ring opening* {#jctb5292-sec-0021}

^1^H and ^13^C NMR were performed on a Bruker DPX‐400 spectrometer, at 400 MHz and 100 MHz, respectively. All chemical shifts were in parts per million (ppm) relative to the tetramethylsilane (TMS) internal standard (0.03% v/v, 0.00 ppm). Coupling constants (*J*) were expressed in Hertz (Hz). Infrared spectra were recorded on a Bruker ALPHA platinum ATR Fourier transform spectrometer. Absorptions were recorded in wavenumbers (cm^−1^). Mass spectrometry was achieved using an Agilent 6130B single Quad (ESI). GPC was performed on an Agilent 390‐MDS with autosampler using a PL gel 5.0 µm bead‐size guard column (50 × 7.5 mm), followed by two linear 5.0 µm bead‐size PL gel Mixed D columns (300 × 7.5 mm) and a differential refractive index detector. Using CHCl~3~ as eluent the system was calibrated using linear poly(styrene) Easi Vial standards (Agilent Ltd) range from 162 to 5×10^5^ Da. Data were collected and analysed using Cirrus GPC/SEC (v. 3.3) and Agilent GPC/SEC software. TGA, DSC and melting points were carried out using Metler Toledo DSC1‐Star with 40 µL standard aluminium pans and autosampler. Samples heated from −100--70°C, cooled to −100 and heated from −100--600°C under N~2~ atmosphere for DSC and heated from 25--600°C for TGA.

### *Polymerisation* {#jctb5292-sec-0022}

TGA, DSC and melting points were carried out using Metler Toledo DSC1‐Star with 40 µL standard aluminium pans and autosampler. Samples were heated from −100--70°C, cooled to −100°C and heated from −100--600°C under N~2~ atmosphere for DSC and heated from 25--600°C for TGA.

RESULTS AND DISCUSSION {#jctb5292-sec-0023}
======================

Epoxidation {#jctb5292-sec-0024}
-----------

### *Characterisation of cocoa butter* {#jctb5292-sec-0025}

Cocoa butter is primarily composed of triglycerides, of which there are a variety of combinations of glycerol with palmitic (P), stearic (S) and oleic (O) acids. Other acid residues are present in lower quantities (palmitoleic acid, myristic acid, arachidic acid, and linoleic acid). The ratios of triglycerides vary as a response to numerous effects, major factors being the geographical source of the bean and the time of the year at harvest, typically variations are within 1--4%. Of the six major triglycerides present (16 have been identified), all contain oleic or linoleic unsaturated acid residues. For the particular sample of cocoa butter used in this study, the fatty acid composition as determined by GC is shown in Table [2](#jctb5292-tbl-0002){ref-type="table-wrap"}, together with the fraction of total double bonds represented by each component. As we have not studied samples of cocoa butter with different compositions we cannot comment in the paper on variation in the epoxidation performance due to variation in the composition.

###### 

Composition of cocoa butter

  Fatty acids             Fatty acids in CB (%)   Double bonds in CB (%)
  ----------------------- ----------------------- ------------------------
  Palmitic (C16:00)       25.8                    0
  Palmitoleic (C16:1n7)   0.3                      0.8 
  Stearic (C18:00)        37.9                    0
  Oleic (C18:1n9c)        32.2                    84.1 
  Linoleic (C18:2n6c)      2.9                    15.1 
  Arachidic (C20:00)       0.9                    0

### *Batch epoxidation* {#jctb5292-sec-0026}

Epoxidation of cocoa butter was performed at different temperatures, catalyst concentrations and initial concentrations of the main reactant to determine basic reaction parameters. Figure [3](#jctb5292-fig-0005){ref-type="fig"} shows the progress of conversion to epoxide at different reaction temperatures and gives model fit as solid lines. Recalculated to yield, the yield at 40 min of reaction performed at 60°C is slightly higher than that at 50°C, whereas the yield in the reaction performed at 80°C is approximately twice higher than that at 50°C. The selectivity of the reactions is above 80%. The fastest reaction was at 80°C and, therefore, this temperature was taken as standard for the investigation of the effect of the catalyst composition, Table [1](#jctb5292-tbl-0001){ref-type="table-wrap"}. In the second and third reactions the amount of hydrogen peroxide was reduced. In the fourth reaction both hydrogen peroxide and the amount of ortho‐phosphoric acid were reduced. The results are shown in Fig. [4](#jctb5292-fig-0006){ref-type="fig"}. The initial catalyst composition gives the fastest reaction. Reaction rate is limited by the amount of hydrogen peroxide. The best molar equivalent is 57 with respect to the ortho‐phosphoric acid concentration.

![The dependence of conversion of cocoa butter on temperature in batch epoxidations. Symbols represent experimental data; lines represent the integral model fit.](JCTB-92-2254-g010){#jctb5292-fig-0005}

![The effect of catalyst composition on conversion at 80°C. The reaction numbers correspond to catalyst compositions shown in Table [1](#jctb5292-tbl-0001){ref-type="table-wrap"}. ![](JCTB-92-2254-g003.jpg "image") reaction [(1)](#jctb5292-disp-0001){ref-type="disp-formula"}, ![](JCTB-92-2254-g004.jpg "image") reaction [(2)](#jctb5292-disp-0002){ref-type="disp-formula"}, ![](JCTB-92-2254-g008.jpg "image") reaction (3), ![](JCTB-92-2254-g011.jpg "image") reaction (4). Lines represent the integral model fit.](JCTB-92-2254-g006){#jctb5292-fig-0006}

### *Flow epoxidation* {#jctb5292-sec-0027}

The influence of the ratio of the flow rates of the reactant to the catalyst solution was investigated. The ratio was varied between Fcb:Fcat = 1:1, 1:2, 3:4, see Figure [5](#jctb5292-fig-0007){ref-type="fig"}. Variation in the flow rates affects the relative sizes of the organic and the aqueous phases slugs under Taylor flow regime. At short residence times, the increase in the amount of catalyst phase resulted in higher conversions, compared with 1:1 ratio of the flow rates. This is attributed to improved mass transfer. Better convection occurs within each slug and molecular diffusion occurs through the interfacial regions between the adjacent slugs. However, at longer residence times, the higher ratio of the aqueous phase produced lower conversions of cocoa butter in comparison with the 1:1 ratio of the flow rates. In this case, convection is slower and thus, migration of the active part of the catalyst is insufficiently fast to produce higher conversions by the solutions of higher ratio of aqueous phase. Epoxidation is limited by the rate of phase transfer of the catalyst from aqueous phase to the organic phase. At longer residence times the reaction with the lower amount of aqueous phase results in higher conversion.

![Influence of the ratio of flow rates of reactant to catalyst on the conversion of cocoa butter and selectivity to epoxide.](JCTB-92-2254-g013){#jctb5292-fig-0007}

### *Comparison of epoxidation under batch and flow conditions* {#jctb5292-sec-0028}

Reactions under batch and flow conditions represent completely different reaction environments. First, reactions under batch conditions were performed solventless, which resulted in higher viscosity. The concentration profiles of reactants under batch and flow conditions are different. This may potentially affect selectivity, especially in the case of consecutive reactions, such as epoxidation, where ring‐opening may follow the formation of an epoxide. In the case of the phase transfer catalysis, reaction is biphasic and is dependent on high interfacial area, created by emulsification in a batch, or by a Taylor flow regime in a continuous flow processes, respectively. Thus, the influence of interfacial surface area and viscosity on the reaction selectivity and conversion should be investigated.

Figure [6](#jctb5292-fig-0008){ref-type="fig"} shows a comparison of the rate of double bond conversion as a function of time and residence time for the two reactor systems. The rate of reaction is higher in the case of the flow system, despite the lower reactants concentration due to dilution. This results in the overall higher space‐time‐yield (STY): 327 and 295 mol m^−3^ h^−1^ for the flow and the batch reactors, respectively.

![Dependence of the rate of disappearance of double bond and selectivity of epoxide on residence time (in the flow system) or reaction time (in the batch reactor).](JCTB-92-2254-g014){#jctb5292-fig-0008}

In contrast, the selectivity to epoxide decreases with increase in residence time and is always higher in batch reaction. This is attributed to the degradation of hydrogen peroxide in the flow reactor system, which results in higher water concentration and the increase in concentration of ortho‐phosphoric acid, which is a catalyst for diol formation.[27](#jctb5292-bib-0027){ref-type="ref"} To confirm this we measured concentration of H~2~O~2~ as a function of time in the feed vessel with/without stirring and at the exit of the flow reactor. There was no observed decomposition of H~2~O~2~ in the feed vessel, whereas the residual concentration at the exit of the reactor was below the limit of detection by iodometric titration.

### *Reaction calorimetry under batch conditions* {#jctb5292-sec-0029}

There is very little literature information on the heat of epoxidation reaction. For this reason we performed reaction calorimetry measurements to obtain this fundamental information, required for process development and optimisation.

The true heat flow for the reaction was equal to 3997 J and the heat flow for no reactive system was 1092 J. The enthalpy of reaction at 80°C can be obtained then from equation:

$$\Delta H_{r}^{0} = \frac{\begin{matrix}
\left( {\textit{True\ heat\ flow\ in}\ a\ \textit{reactive\ system}} \right. \\
\left. {- \textit{True\ heat\ flow\ in\ the\ non\ reactive\ system}} \right) \\
\end{matrix}}{\left( {\textit{Number\ of\ moles\ of}\ \mathit{CB}\ \textit{in\ the\ reaction}} \right)}$$

The enthalpy of epoxidation of cocoa butter was found to be mildly exothermic at −168 kJ mol^−1^. The enthalpy of epoxidation of soybean oil[26](#jctb5292-bib-0026){ref-type="ref"} was reported to be −230 kJ mol^−1^, and from the limited data reported for acetic acid epoxidation[49](#jctb5292-bib-0049){ref-type="ref"} with H~2~O~2~ the heat of reaction is estimated at −125.4 kJ mol^−1^. From NMR analysis of the reaction product obtained in the calorimeter, the starting cocoa butter reacted completely and the selectivity of reaction was 77%. This is below the typical selectivities obtained in batch (85%). The observed decrease was attributed to product decomposition in the case of the calorimeter experiment, when product composition was analysed after 18 h following the reaction. Therefore, we concluded that this observation does not affect the accuracy of the obtained heat of reaction value.

### *Kinetic model* {#jctb5292-sec-0030}

In the multiphase reaction systems the effects of chemical reaction kinetics and mass transfer resistance are superimposed. This leads to complex estimation problems for which good initial guesses for the unknown parameters are needed to obtain useful results.[50](#jctb5292-bib-0050){ref-type="ref"} To avoid these complications it is favourable to obtain separate measurements within the kinetically controlled and the mass transfer controlled regimes. Therefore, initial guesses were estimated with the data of those experiments indicating the least mass transfer or kinetic resistance, respectively. The first step was estimating initial guesses for the rate constants. The experiments with the highest stirrer speed were chosen because the least mass transfer resistance can be expected. Following the introduced approach of re‐parameterised Arrhenius equation, an isothermal fit for the experiments of 1000 and 1250 rpm stirrer speed at 80°C was performed and the result will be an initial guess for the reference rate constant for all experiments at 80°C.

Due to the absence of mass transfer resistance the measurements show pseudo‐first‐order behaviour with respect to the organic phase reaction. The concentration of active PTA--catalyst in the organic phase is nearly constant due to excess of hydrogen peroxide. While this allows a good estimate of the rate constant in the organic phase, it permits reliable estimate of the reference rate constant in the aqueous phase. With the current model it is impossible to estimate the mass transfer coefficient for all experiments simultaneously, because it depends on the stirrer speed. Therefore, the volumetric overall mass transfer coefficient *Ka* must be expressed in terms of the known stirrer speed. Based on the initial estimate for the reference rate constants the volumetric mass transfer coefficient for all other experiments at 80°C and various stirrer speeds was estimated and the following correlation was used to express the volumetric overall mass transfer coefficient as a function of the stirrer speed:$$\mathit{Ka} = A_{\mathit{rpm}}\textit{exp}\left( {B_{\mathit{rpm}}n} \right)$$

Consequently, the model parameter is replaced by Equation [(27)](#jctb5292-disp-0023){ref-type="disp-formula"} within the integral model and, therefore, *A* ~*rpm*~ and *B* ~*rpm*~ are added as additional parameters to the model.

With the reference rate constants and the mass transfer coefficient as a function of the stirrer speed, the activation energies *E* ~*a* , *org*~ and *E* ~*a* , *aq*~ were estimated based on the experiments at 80°C.

In the last step all the initial estimates were used as initial guesses to estimate all the parameters -- *k* ~*ref* , *org*~, *k* ~*ref* , *aq*~, *E* ~*a* , *org*~, *E* ~*a* , *aq*~, *A* ~*rpm*~ and *B* ~*rpm*~ -- simultaneously based on all the available experimental data to account for interdependencies. Figure [7](#jctb5292-fig-0009){ref-type="fig"}(A) shows that the model predicts results for stirrer speeds 500--1250 rpm reasonably well, but the estimation fails for the experiment at 250 rpm. This may be due to the presence of a different droplet size distribution in the reactor at 250 rpm. Between 500 and 1250 rpm mono‐dispersed droplets can be assumed. Here the increase in the overall mass transfer coefficient stems partly from a decrease in droplet size and partly from the decreased mass transfer resistance at the interface due to the higher shear. However, at 250 rpm it is assumed that significantly larger droplets remain undispersed. The small droplets cause the behaviour as predicted by the model during the first 20 min, but thereafter the significantly lower overall reaction rate inside the bigger droplets causes the prediction to fail since the model assumes two ideally mixed bulk phases and cannot account for the effects of different droplet sizes.

![(A) Results of parameter estimation for different stirrer speeds (legend gives stirrer speed in rpm). (B) Effect of different droplet size distributions simulated with the differential model (legend gives the weight constant (w) from Equations [(16)](#jctb5292-disp-0012){ref-type="disp-formula"} and [(17)](#jctb5292-disp-0013){ref-type="disp-formula"}).](JCTB-92-2254-g012){#jctb5292-fig-0009}

This hypothesis is supported by simulations with the differential model (Equations [(15)](#jctb5292-disp-0011){ref-type="disp-formula"} to [(25)](#jctb5292-disp-0021){ref-type="disp-formula"}), if a droplet size distribution of large and small droplets is implemented. Figure [7](#jctb5292-fig-0009){ref-type="fig"}(B) shows the conversion profile of three different droplet size distributions with the same kinetic constant. Although this is only a qualitative illustration of the model behaviour and not an actual fit of the experimental data, it clearly shows how the conversion curves bend, qualitatively representing the observed experimental behaviour. If a droplet size distribution could be obtained during the measurements, from videos or photographs, it seems likely that different flow patterns could be included into the differential model and the prediction would be considerably more accurate than with the integral model.

Excess hydrogen peroxide in most experiments permits a reliable estimate of the rate constant of the activation reaction in the aqueous phase. Although only a single experiment was done with hydrogen peroxide limitation, a satisfactory estimate was obtained and the model predicts the correct values for hydrogen peroxide limiting conditions, Figure [4](#jctb5292-fig-0006){ref-type="fig"}.

Another important factor is the amount of catalyst which is available in its active state. It was assumed for the estimation, that the entire tungsten used in the experiment is present as PTA--catalyst. Figure [4](#jctb5292-fig-0006){ref-type="fig"} shows satisfactory prediction for a low tungsten concentration. The deviation of model and experiments at high conversions is likely to be associated with product decomposition, not accounted for in the model. Since different catalyst species could not be measured, no quantitative information could be obtained for how much of the added tungsten actually became an active PTA--catalyst species. To fully understand how different initial amounts of tungsten influence the reaction, if technically possible the different catalytic species should be measured in both the phases, to obtain a concentration profile and partition coefficients of the latter.

Besides these limitations and model failures for extreme values, the integral model predicts the measured data reasonably well and Table [3](#jctb5292-tbl-0003){ref-type="table-wrap"} shows that all parameters have physically meaningful values. The activation energy is far above 30 kJ mol^−1^ which can be considered as a lower level for activation energies. Table S1 (Supporting information) shows the 95% t‐value of each estimated parameter. The weighted residual value is less than the χ^2^ value thereby, indicating the satisfaction of χ^2^ test. The 95% confidence ellipsoids are shown in Fig. S1 (Supporting information). This test is based on whether the ellipsoidal area that represents the joint confidence region encloses the optimal point at its centre neighbourhood. However, the differential model at this stage can be used only for qualitative analysis of the reaction system, as it requires significantly more experimental detail, specifically the distribution of droplet sizes. If available, a differential model can be used for simulation of potential reactor options.

###### 

Final estimated parameters for the integral model based on all cocoa butter experiments

  Parameter                           Final value
  ----------------------------------- --------------------------------------------------------------
  *k* ~*ref* , *org*~ (*l*/*mol s*)   2.3721 (6.64 × 10^9^)[a](#jctb5292-note-0001){ref-type="fn"}
  *k* ~*ref* , *aq*~ (*l*/*mol s*)    0.0713 (3.31 × 10^6^)[a](#jctb5292-note-0001){ref-type="fn"}
  *E* ~*a* , *org*~ (*J*/*mol*)       63866.6
  *E* ~*a* , *aq*~ (*J*/*mol*)        51651.4
  *A* ~*rpm*~                         0.0129
  *B* ~*rpm*~                         0.0042

Value in the parentheses represents the pre‐exponential factor of the reaction.

Ring opening under batch conditions {#jctb5292-sec-0031}
-----------------------------------

Epoxides tend to undergo nucleophilic ring‐opening usually to form alcohol derivatives. These alcohol derivatives give rise to compounds that can be used as monomers in polyurethane synthesis.[51](#jctb5292-bib-0051){ref-type="ref"}, [52](#jctb5292-bib-0052){ref-type="ref"} In 2004 Zlatanić *et al*. synthesised six polyurethanes from polyols derived from canola, midoleic sunflower, soybean, linseed, sunflower and corn oils.[53](#jctb5292-bib-0053){ref-type="ref"} The aim was to identify the effect different triglyceride structures had on the properties of any subsequent MDI derived polyurethanes. Initial ring‐opening was investigated using ortho‐phosphoric acid in water at 100°C for 24 h.[45](#jctb5292-bib-0045){ref-type="ref"} This gave the desired polyol **3** in 93% yield (OH value 60 mg KOH g^−1^), accompanied by some hydrolysis (acid value 10 mg KOH g^−1^, *M* ~w~ ∼1000 Da). Thermal analysis (DSC and TGA) of **3** indicated two melting points at 23 and 55°C and a T~10%~ decomposition point at 357°C with T~50%~ at 403°C.

Lewis acid mediated ring‐opening oligomerisation has been shown to provide oligomeric fatty acid or triglyceride polyols with higher molecular weights. The studies involving the use of 15% (mol) of BF~3~·Et~2~O as the catalyst without solvent at 20°C to yield oligomeric polyols **4**. Similar results were obtained with lower catalyst loading if hexane was used as solvent. Increasing the amount of Lewis acid increased the molecular weight with little effect on the polydispersity. Recent studies using BF~3~·Et~2~O in THF indicated that ring‐opening of vegetable oil epoxides with concurrent ring‐opening of THF could be achieved to give **5**.[54](#jctb5292-bib-0054){ref-type="ref"} Ring‐opening with THF gave rise to higher molecular weight polyols with higher polydispersities.

Polyol (**3**) was characterised as : νmax / cm^−1^: 3341, 2915, 1736; ^1^H NMR (400 MHz, CDCl~3~) δ 5.26 (pent, *J* = 5.3 Hz, 1H), 4.22 (ddd, *J* = 17.6, 11.9, 5.3 Hz, 4H), 3.64 -- 3.32 (m, 4H), 2.31 (t, *J* = 7.4 Hz), 1.64 -- 1.56 (m, 6H), 1.53 -- 1.43 (m, 4H), 1.37 -- 1.23 (m, 70H), 0.88 (t, *J* = 6.3 Hz, 9H).; ^13^C NMR (101 MHz, CDCl~3~) δ 173.4, 172.9, 74.6, 74.6, 69.0, 62.2, 34.2, 34.1, 33.7, 33.6, 32.1, 32.0, 29.8, 29.7, 29.6, 29.5, 29.4, 29.2, 29.0, 25.8, 25.7, 24.9, 24.9, 22.8, 14.2.; ms (ES+) 917.8 \[M+Na\]^+^

The ring‐opening reactions in hexane were characterised by 400 MHz ^1^H NMR, (Fig. S2(A), Supporting information) which clearly showed the loss of epoxide protons at 2.92 ppm in **2** and the formation of protons adjacent to the alcohol functional groups between 3.30 and 3.60 ppm in **4**. MALDI‐TOF‐MS analysis (Fig. S2(B), Supporting information) clearly showed the repeating unit of the oligomers up to the tetramer. The peaks at 2371 and 1541 represent monomers where one ester has hydrolysed from the triglyceride to give a diglyceride derivative.

Characterisation of the polyols **5** obtained by ring‐opening in THF was also accomplished using ^1^H 400 MHz NMR and MALDI‐TOF‐MS. In this case the NMR shows protons characteristic of the formation of the grafted poly(THF) chain attached to the vegetable oil triglyceride at 3.4 and 1.6 ppm (Fig. S3(A), Supporting information). The MALDI‐TOF‐MS is more complicated than that for **4** (Fig. S3(B), Supporting information). In this case the repeating unit of ring‐opened THF can be seen (72 Da) superimposed onto triglyceride peaks (1115 Da corresponds with the Na adduct of a triglyceride with three THF units grafted, and 1919 Da corresponds to a dimeric triglyceride with two units of THF grafted). In addition, the ring‐opening can be terminated by hydrolysis (OH) or elimination (−18 Da, −H~2~O) and the fact that cocoa butter contains both C16 and C18 fatty acid chains means these series are also superimposed on ones differing by 29 Da (−C~2~H~5~). The properties of all the polyols are given in Table [4](#jctb5292-tbl-0004){ref-type="table-wrap"}.

###### 

Properties of the synthesised polyols

  Entry                                      Solvent   Mol% BF~3~.Et~2~O   Yield polyol (%)   Gel permeation chromatography[a](#jctb5292-note-0002){ref-type="fn"}            
  ------------------------------------------ --------- ------------------- ------------------ ---------------------------------------------------------------------- -------- -------
  1                                          Bulk      15                  56                 6700                                                                   6100     1.10
  2                                          hexane    3                   19                 6200                                                                   5700      1.09
  3                                          hexane    5                   49                 6800                                                                   5900      1.15
  4[b](#jctb5292-note-0003){ref-type="fn"}   hexane    10                  87                 8400                                                                   7300      1.15
  5                                          THF       5                   82                 36 800                                                                 16 000    2.30
  6[b](#jctb5292-note-0003){ref-type="fn"}   THF       10                  93                 84 000                                                                 30 000    2.80

Measured using MMA as standard.

These polyols were used to make PU4 and PU5.

Polymerisation {#jctb5292-sec-0032}
--------------

As the majority of published work on polyurethanes derived from renewable vegetable oils has focused upon MDI based materials, we investigated the reaction between our monomers **3**--**5** and MDI.[55](#jctb5292-bib-0055){ref-type="ref"}, [56](#jctb5292-bib-0056){ref-type="ref"}, [57](#jctb5292-bib-0057){ref-type="ref"}, [58](#jctb5292-bib-0058){ref-type="ref"} A ratio of 1.05:1.00 (isocyanate:OH group) was used to ensure all hydroxyl groups reacted with any excess isocyanate reacting with the moisture in the air during the curing process. The PU prepared from polyol **4** was a viscous paste and no further characterisation data was obtained. Thermal analysis was carried out on PUs **3** and **5**, Figure [8](#jctb5292-fig-0010){ref-type="fig"}. Vegetable oil based PUs generally show a two‐step degradation, with the first degradation occurring around 200°C, indicative of decomposition of the urethane linkages to amines and alkenes.[59](#jctb5292-bib-0059){ref-type="ref"}, [60](#jctb5292-bib-0060){ref-type="ref"} Both polymers **3** and **5** exhibited this behaviour with PU**3** showing lower thermal stability, see Table [5](#jctb5292-tbl-0005){ref-type="table-wrap"}. Both PUs showed relatively low glass transition temperatures (PU3 = −15°C, PU5 = −75°C) which are substantially lower than those derived from sunflower *T* ~g~ = 24 or soybean oil *T* ~g~ = 31 °C.[61](#jctb5292-bib-0061){ref-type="ref"} In addition, they exhibited lower tensile strength compared with sunflower oil (tensile strength = 14.8 MPa), and this is due to the lower hydroxyl values of the original monomers and, consequently, less cross‐linking in the PUs themselves.

![Thermal gravimetric analysis of PUs **3** and **5.**](JCTB-92-2254-g009){#jctb5292-fig-0010}

###### 

Properties of polyurethanes

  Polyurethane   T~10%~(°C)   T~50%~(°C)   T~g~(°C)   Tensile strength(MPa)   Elongation at break(%)
  -------------- ------------ ------------ ---------- ----------------------- ------------------------
  PU3            353          435          −15        3.2                     83
  PU5            374          399          −75        5.9                     610

CONCLUSIONS {#jctb5292-sec-0033}
===========

The process for conversion of waste cocoa butter into useful polyurethanes was established. Phase transfer catalyst was used for epoxidation of cocoa butter and the corresponding reaction parameters were identified by developing detailed kinetic model in batch mode. From the estimation results it can be concluded, that the rather simple integral model allows good predictions as long as the governing parameters of the liquid--liquid system such as temperature and droplet size distribution stay within a narrow range. Because the effects of the liquid--liquid system are all combined in a single parameter *Ka*, the integral model will be unreliable for the prediction of measurements from different flow‐regimes or temperature ranges. The differential model developed would be suitable for exploring a wider range of operating conditions, but at this stage lacks the required experimental detail.

Batch epoxidation was found to perform better than in flow owing to the decomposition of hydrogen peroxide. The ring opening of epoxide using tetrahydrofuran gives polyols with higher molecular weight and polydispersity with boron trifluoride diethyl etherate as catalyst. The polyols obtained can be successfully polymerised to obtain polyurethanes.

Thus, a complete pathway of utilisation of a bio‐waste feedstock from generation of a reactive intermediate to formation of end‐product polymers has been shown.

Supporting information
======================

###### 

Appendix S1.

###### 

Click here for additional data file.
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